Optical molecular imaging has been frequently used in many preclinical researches including cancer detection, tumor mechanism study, drug efficacy evaluation and targeted drug delivery. Among optical molecular imaging modalities, bioluminescence imaging and fluorescence imaging have acquired certain degree of development and attracted more and more attention in recent years for their high sensitivity and low cost. With the development of optical technology and probe technology, two-photon microscopy imaging and Raman imaging have been widely used in drug evaluation and tumor studies through cell and tissue imaging. This paper focuses on the occurrence and development of optical molecular imaging especially for its imaging method imaging system and its application in target drug delivery. Finally, the existing challenges and brand new applications of optical imaging techniques in drug delivery research are discussed.
Introduction
Through the interaction of the body and drug carriers, targeted drugs were controlled to be delivered to different parts of the body and eventually reach the diseased parts. The drug delivery system uses a multidisciplinary approach to effectively deliver the drug to its objective position, thereby adjusting the drug metabolism and kinetics, efficacy, toxicity, immunogenicity and biological recognition [1] .
In contrast with traditional pharmaceutical preparation techniques, the drug delivery system can improve the stability of the drug to reduce drug degradation; reduce the toxicity effects of drugs;
improve the bioavailability of drugs; maintain stable drug concentration and effectiveness in the blood;
and increase the drug concentration in the target area [2] [3] . Nanoparticles, liposomes and sustained release microspheres can be used as drug carriers to effectively orient and deliver the medicine to the target site [4] [5] . During this process, drug carriers can control the drug release rate and reduce the concentration of the drug in non-target organs so as to improve drug efficacy and reduce the toxicity. In the past few years, along with the rapid development of imaging technology, more and more imaging modalities especially in vivo imaging modalities have been used in the observation of the drug delivery process.
The drug delivery process includes drug concentrations at different organs, so that drug efficacy was often calculated via in vitro experiments. After drug administration at different time intervals, the animals were sacrificed in batches and different organs were removed to determine the drug concentration according to the drug characteristics. For anti-tumor drugs, the drug efficacy was often observed by measuring the tumor sizes, which was considered to be a relatively simple procedure.
In recent years, drug delivery research was introduced into in vivo observation times with the development of molecular imaging technology including bioluminescence imaging (BLI), fluorescence molecular imaging (FMI), two-photon microscopy and Raman imaging. Two-dimensional bioluminescence and fluorescence imaging has been widely used in drug delivery research including absorption, distribution, metabolism, excretion and drug efficacy [6] [7] [8] . These researches demonstrated that BLI and FMI can show drug distributions in two-dimensional plane. Nevertheless, BLI and FMI cannot distinguish drug distributions in different organs at different depths. As sensitive in vivo imaging modalities are concerned, many bioluminescence reconstruction and fluorescence reconstruction algorithms have been proposed in order to detect the inner information of tumor location and drug efficacy [9] [10] [11] . However, due to the computational complexity and accuracy constraints, these two three-dimensional imaging modalities were rarely used in drug delivery research such as the research of three-dimensional drug distribution in the body.
As the fact that two-photon microscopy (TPM) allows for non-invasive 3D-visualization of thick tissue at the cellular level, it becomes a powerful tool to study drug delivery [12] [13] . Kek et al. has applied TPM to monitor the transscleral delivery of tazarotenic acid [14] . Gibson et al. demonstrated that TPM can be used in clinical applications for ophthalmic imaging [15] .
Raman microscopy reveals its great potential for drug delivery research due to its high specificity of molecular structure of drugs [16] . Recently, the emerging techniques, such as Stimulated Raman Scattering (SRS) [17] and Coherent anti-Stokes Raman Scattering (CARS) [18] [19] , show their great advantages than conventional Raman microscopy for high sensitivity and label-free drug delivery monitoring.
Therefore, the aforementioned four imaging modalities are very effective methods for studying drug delivery [20] [21] [22] [23] . In this review paper, we will mainly focus on the following three aspects. Firstly, we will introduce the progress of optical molecular imaging techniques and their applications in targeted drug delivery. Secondly, we will introduce several targeted drug delivery studies based on multimodality molecular imaging technologies and review some researchers' related work in this area.
Finally, we conclude this paper with current challenges and prospects for optical molecular imaging techniques in drug delivery research.
Optical Molecular Imaging and its Applications in Drug Delivery

Bioluminescence imaging and its applications in targeted drug delivery
In 1999, Weissleder and his partners firstly proposed the concept of molecular imaging at Harvard University, and as a result, this method and technology have been more and more widely used to many aspects of the medicine and drug sciences especially optical molecular imaging [24] . In particular, bioluminescence imaging (BLI) applied for drug evaluation based on mouse tumor models studies has greatly expanded our knowledge in the field of mechanism of tumor occurrence and mechanism of drug action [25] [26] . For a bioluminescence experiment, the injected substrate luciferin was employed to specifically react with luciferase expressed (firefly luciferase as the reporter gene transfer) to produce bioluminescent photons with the presence of oxygen, adenosine triphosphate, and Mg 2+ [25] .
Besides firefly luciferase (Fluc), there are several luciferases that can usually be used for tumor and drug researches based on living small-animal imaging including click beetle green (CBG), click beetle red (CBR), Renilla reniformis (Rluc), and Gaussia princeps (Gluc) [27] [28] .
Besides the research of bioluminescent imaging relevant theories and techniques, many kinds of laboratory prototype systems and commercial equipment have been gradually established. BLI experiments are usually carried out in a dark imaging cavity to escape the leak of delivered bioluminescent light and the disturbing of outer light [29] [30] . Therefore, for the imaging equipment, a cooled charge-coupled device (CCD) camera with a condenser lens and strict dark box system are prerequisite for the detection of extremely weak optical signals. Owing to the reliable in vivo detection sensitivity, it has been used in targeted drug delivery observation including drug distribution and drug efficacy based on mouse models. Their research demonstrated that platelet derived growth factor (PDGF-BB) could increase the attraction of human mesenchymal stem cells (hMSCs) to gliomas in vitro and in vivo which can be exploited for promoting hMSC therapy [31] . In order to investigate the therapeutic potential, Reekmans intravenous injection of MSC [34] . In addition, many other groups studied drug absorption, distribution, excretion and drug efficacy by using BLI [35] [36] [37] including near infrared photoimmunotherapy, doxorubicin loaded hyaluronan nanoparticles, synthetic PEGylated Glycoproteins and so on. Although BLI has shown its advantages in the above researches, it cannot give the three dimensional information of drug distribution, such as drug concentration in different organs in different depths.
Besides two-dimensional BLI, three-dimensional bioluminescence tomography (BLT) techniques have been developed in recent years. In order to reduce the ill-posedness of bioluminescent source reconstruction, many tomography algorithms were developed including adaptive finite element method, t and multispectral reconstruction algorithm [38] [39] . In addition, graph cut method, level set image processing method, etc., have also been introduced to improve the reconstruction speed, reconstruction accuracy, or reconstruction robustness and the corresponding prototype imaging system is shown in Fig. 1 which was constructed by Tian's group [11, 38, [40] [41] . Fig. 1 . A prototype BLT/micro-CT dual modality imaging system [11] . 1, CCD camera; 2, X-ray detector; 3, mouse bed; 4, X-ray tube; 5, anesthesia machine; 6, rotation stage.
Despite these algorithms have been used to reconstruct the three-dimensional information of bioluminescent source, the problems of reconstruction speed and accuracy still limited its application in drug delivery research. The above reconstruction methods have been initially applied in the evaluation of drug efficacy based on orthotopic tumor models at the three-dimensional level [11] . Tian's group has monitored target drug delivery to the orthotopic tumor and evaluated the antitumor efficacy based on orthotopic liver cancer using the bioluminescence tomography method [42] , as shown in Fig. 2 . This reconstruction methods can semi-quantitatively show the bioluminescent intensity of liver and other organs but cannot accurately derived the difference of drug absorption and distribution between different districts of liver at different depth. Further, we have to develop some methods to establish the comparison and mapping between pathology and three-dimensional topographic reconstruction results.
We believed that with the development of BLT, in the near future this method will be used more and more in drug delivery research including drug absorption, distribution, excretion, and efficacy based on orthotopic tumor mouse models. 
Fluorescence molecular imaging and its applications in targeted drug delivery
For fluorescence molecular imaging (FMI), some exogenous infrared dye, such as Indocyanine green (ICG), Cy7, DsRed and so on were used as the probe to identify disease or drug information.
Because concentration in tumor cells which can be used as a tumor treatment way [49] . Through conjugating fluorescent probe with antibody or some small molecule mRNA, the target molecule and drug delivery process can be monitored using FMI. However, the same with the BLI, FMI cannot obtain the three-dimensional information of drug absorption and distribution.
So it is necessary to develop three-dimensional reconstruction technology to broaden its application in tumor research and drug delivery. Meanwhile, in order to improve the speed and accuracy of fluorescence tomography (FMT), researchers have developed a number of algorithms including the principal component analysis method, normalized born ration method and so on. These algorithms have been preliminarily applied in the detection of orthotopic tumor location and drug distribution observation and efficacy evaluation [9, [44] [45] 52 ].
Two-photon microscopy and its applications in targeted drug delivery
Two-photon microscopy (TPM) has been implemented by Denk and his colleagues more than two decades ago [53] . biomaterial for brain-targeted therapy that inhibits the P2X 7 -dependent neuroinflammatory response [58] . In addition, many other researchers studied drug efficacy using TPM which will be used more in in vivo animal research in the future with the development of imaging techniques [59] [60] [61] [62] [63] . TPM is an effective tool to investigate the interaction between drug and tissue. It has been applied to perform in vivo experiments on monitoring the process of drug transportation in targeted drug delivery research. 
Raman imaging and its applications in targeted drug delivery
Recently, Raman microscopy has attracted increasing attention due to its capability to detect molecular vibrations that provide structure and chemical information of biological samples. The advanced Raman imaging system is a confocal Raman microscope, which can be used in acquiring high-resolution images [65] . The Raman spectrum is obtained from a highly focused laser focal point through a spectrometer. However, this spontaneous Raman scattering is quite weak, result in prolonged acquisition time of the Raman spectrum, which making it difficult for dynamic imaging.
Hence, a number of advanced Raman spectroscopy techniques have been developed to enhance Raman scattering, which include surface-enhanced Raman scattering (SERS) [66] , tip-enhanced Raman scattering (TERS) [67] [68] , Coherent Anti-Stokes Raman Scattering (CARS) [69] , and stimulated Raman scattering (SRS) [70] .
SERS-based Raman microscopy is set to grow rapidly as a powerful tool for biological imaging [71] [72] 
Conclusions and Future Prospects
In recent years, molecular imaging especially optical molecular imaging has been quickly developed and extensively used in cancer mechanism and drug research. Among many optical The presented four optical imaging modalities have shown their great advantages in drug delivery studies. However, the fact is that each imaging technique has its limitations. Therefore, more and more groups have devoted themselves to drug delivery research based on multimodality molecular imaging.
Cheon et al. designed a multifunctional hybrid probe including magnetic nanoparticle component and adenovirus component in order to detect some tumor cells and monitor gene transfer by GFP transfection technology [78] . Each component of these multifunctional probes supplements each other with other modalities, and their synergistic material functions ultimately provide more precise location and quantitative information for tumor detection and drug evaluation. Multimodality molecular imaging could provide more accurate location and quantitative information on drug delivery research.
However, multimodality molecular imaging is still in the early stage of development and many important technologies need to be developed in order to meet the application requirements, such as the registration method between different modalities, quick processing techniques of large data and so on.
In the future, varied probes will be extensively developed, and they will be used in the drug delivery research by taking advantage of the four imaging modalities. In addition, some multifunctional, multimodality and intelligent probes will attract more and more attention in drug delivery researches.
We envision that drug delivery research will achieve remarkable progress with the development of multimodality molecular imaging probes, system and algorithms.
